Kinesin-5 motors fulfil essential roles in mitotic spindle morphogenesis and dynamics as slow, processive microtubule (MT) plus-end directed motors. The Saccharomyces cerevisiae kinesin-5 Cin8 was found, surprisingly, to switch directionality. Here, we have examined directionality using single-molecule fluorescence motility assays and live-cell microscopy. On spindles, Cin8 motors mostly moved slowly (B25 nm/s) towards the midzone, but occasionally also faster (B55 nm/s) towards the spindle poles. In vitro, individual Cin8 motors could be switched by ionic conditions from rapid (380 nm/s) and processive minusend to slow plus-end motion on single MTs. At high ionic strength, Cin8 motors rapidly alternated directionalities between antiparallel MTs, while driving steady plus-end relative sliding. Between parallel MTs, plus-end motion was only occasionally observed. Deletion of the uniquely large insert in loop 8 of Cin8 induced bias towards minusend motility and affected the ionic strength-dependent directional switching of Cin8 in vitro. The deletion mutant cells exhibited reduced midzone-directed motility and efficiency to support spindle elongation, indicating the importance of directionality control for the anaphase function of Cin8.
Introduction
Members of the kinesin-5 family are homotetrameric motor proteins, which utilize ATP to slide apart antiparallel spindle microtubules (MTs; Kashina et al, 1997; Kapitein et al, 2005) . They are conserved among the eukaryotes and fulfil similar functions in spindle dynamics (Enos and Morris, 1990; Roof et al, 1991; Hagan and Yanagida, 1992; Hoyt et al, 1992; Sawin et al, 1992; Heck et al, 1993; Blangy et al, 1995; Saunders et al, 1995; Walczak and Mitchison, 1996; Straight et al, 1998; Sharp et al, 1999; Touitou et al, 2001; BrustMascher et al, 2004; Zhu et al, 2005) . S. cerevisiae encodes two kinesin-5 homologues, Cin8 and Kip1, which overlap in function, with Cin8 being more important for mitosis progression (Hoyt et al, 1992; Roof et al, 1992) . Before the onset of anaphase, Cin8 and Kip1 function in spindle assembly (Hoyt et al, 1992; Roof et al, 1992; Chee and Haase, 2010) and focus the kinetochore clusters (Tytell and Sorger, 2006; Gardner et al, 2008a; Wargacki et al, 2010) . During spindle elongation in anaphase B, their function is important for (i) maintaining the correct spindle elongation rate (Kahana et al, 1995; Saunders et al, 1995; Straight et al, 1998) ; (ii) the timely transition from the initial fast phase to the final slow phase of anaphase B (Movshovich et al, 2008; Gerson-Gurwitz et al, 2009) ; (iii) for stabilizing the spindle midzone (Movshovich et al, 2008; Fridman et al, 2009; Gerson-Gurwitz et al, 2009) , which consists of an overlapping array of MTs that emanate from the opposite poles (Winey et al, 1995) . To guarantee proper mitosis, all components involved, and in particular the motors, have to be tightly regulated. The regulation of kinesin-5 motors is so far poorly understood.
Several kinesin-5 motors were found to be plus-end directed in vitro (Gheber et al, 1999; Kapitein et al, 2005) . Independent of our findings, however, a recent report has provided evidence that Cin8 can switch directionality, assumed to be caused by motor-motor coupling (Roostalu et al, 2011) . Molecular mechanisms as well as physiological relevance have remained unclear.
To track down the mechanisms of directionality control, we have here studied the motor function of the S. cerevisiae kinesin-5 Cin8 in parallel in-vivo and in-vitro experiments. We provide evidence that during anaphase spindle elongation, Cin8 moves in both plus-and minus-end directions on the spindle MTs. We also show that, in vitro, single molecules of Cin8 can switch directionality from fast processive minus-end directed to slow, processive plus-end directed motility. We provide first insights into the mechanism controlling this switch: (i) change of ionic strength, that is, electrostatic interactions within the motor or between motor and MT, activated the switch in vitro; (ii) deletion of the large insert in loop 8 of the Cin8 motor domain induced bias to minus-end directionality in vitro and reduced Cin8 plus-end directed motility along the anaphase spindles in vivo; (iii) in close to physiological conditions in vitro, individual Cin8 motors switched from fast minus-end motion on single MTs to slow and erratic motion between antiparallel MTs, while they drove plus-end sliding of the linked MTs; (iv) individual motors occasionally moved in the plus-end direction, but mostly maintained fast minus-end motion between parallel MTs.
Results
To examine the motile properties of Cin8 in vivo, we imaged live S. cerevisiae cells expressing Cin8-3GFP during anaphase B. As spindles elongated, Cin8 was localized both at the spindle midzone and near the poles, likely near the kinetochores as reported before (Tytell and Sorger, 2006) . In late anaphase, Cin8 detached from the spindle and became diffusive ( Figure 1A ; Supplementary Movie S1), confirming previous reports (Avunie-Masala et al, 2011) . Kymograph analysis of fluorescence recordings revealed that Cin8-3GFP moved towards the midzone, in the plus-end direction of MTs, with an average velocity of B25 nm/s (Figures 1C and 7A ; Table I ). This slow plus-end directed motility is consistent with the literature on Cin8 and the Xenopus kinesin-5 Eg5 (Gheber et al, 1999; Kwok et al, 2004; Kapitein et al, 2005) . Intriguingly, we also observed occasional movements towards the spindle-pole bodies (SPBs; Figures 1D and 7A ; Table I ), mainly in long anaphase spindles, when the majority of Cin8 was already detached (Figures 1D and 7A ). The scarcity of SPB-directed movements may be due to their rapidity (Table I) and/or to masking by abundant Cin8-3GFP on the spindle. In intermediate anaphase spindles, shorter than 5 mm, interpolar MTs (iMTs) can overlap almost for the entire spindle length (Winey et al, 1995; Gardner et al, 2008b) . Therefore, in these spindles, the directionality of Cin8 is difficult to determine. In the long anaphase spindles, however, iMTs overlap only in the middle 10-20% of the spindle length, as determined by Electron Microscopy (Winey et al, 1995) , direct imaging of GFP-labelled MTs of the midzone-organizing protein Ase1 (Schuyler et al, 2003; Fridman et al, 2009) . The fact that Cin8 motility towards the midzone as well as towards the SPBs was observed in spindles longer than 5 mm (Figures 1C, D and 7A) , suggests that these movements occur on parallel arrays of iMTs. Moreover, SPB-directed movements were significantly faster and shorter than midzone-directed movements ( Table I ), indicating that movements in the two directions were genuinely different. Thus, taken together, our data indicate that on the anaphase spindles, Cin8 is a bi-directional motor that moves in both plus-end and minus-end directions of the MTs. To explore the unconventional minus-end motility of Cin8 on the spindle, we performed single-molecule fluorescence in-vitro motility assays Kwok et al, 2006; Kapitein et al, 2008) . We used whole-cell extracts of WT and cin8D S. cerevisiae cells, in which Cin8-3GFP was expressed from its native promoter, either integrated into the genome or carried on a centromeric (CEN) plasmid (Materials and methods; Supplementary Table S1 ). We also studied Cin8-GFP purified from Sf9 and yeast cells (Materials and methods; Supplementary Figure S1 ). Assays were done at saturating ATP (3-5 mM; Lakamper et al, 2010) in a high-salt, close to physiological buffer (175 mM NaCl; Gheber et al, 1999) . We found, surprisingly, that in these conditions Cin8 moved unidirectionally and processively towards the minus end of MTs (Figure 2 ). This is similar to what was recently found in an independent study (Roostalu et al, 2011) . Runs were often interrupted by diffusive motion ( Figure 2B and C). The average run length between such breaks was B2 mm ( Figure 3B ). In ADP buffer, motors remained attached to MTs, but only moved diffusively without directional bias. We calculated a diffusion coefficient of B3 Â10 3 nm 2 /s from mean-square-displacement (MSD) analysis of tracks recorded in ADP buffer, comparable to that measured with the closely related Eg5 and other kinesins (Table II ; Kwok et al, 2006; Kapitein et al, 2008; Bormuth et al, 2009) . At saturating ATP concentration, we determined an average minus-end velocity of Cin8 molecules of B360 nm/s by kymograph and mean displacement (MD) analyses (Table II) . This velocity is substantially higher than the plus-end velocity seen in vivo and the velocity reported for other kinesin-5 motors (Valentine et al, 2006) . In both WT Cin8 batches examined, purified Cin8-GFP and Cin8-3GFP in whole extracts, the distribution of velocities was exceptionally broad in each experiment, ranging from B17 to B830 nm/s (Supplementary Figure  S2A ; Figure 4A (I) and B(I)). We ruled out the possibility that the broad distribution of velocities resulted from motor aggregation by analysing fluorescence intensities of individual spots (Supplementary Figure S3) . To make sure that Cin8-3GFP was capable of forming functional tetramers, we examined its MT bundling activity. We found that overexpression of Cin8-3GFP caused extensive bundling of MTs in whole-cell extracts (Supplementary Figure S4A , left panel) which was not observed in extracts deleted for CIN8 (Supplementary Figure S4A , right panel) or in extracts expressing Cin8-3GFP from a CEN plasmid (not shown). This excludes the possibility that the bundling was caused by other motors or MT-binding proteins in the extracts. Similar MT bundling was previously reported for biotinylated Cin8 (Cin8-BCP; Gheber et al, 1999), which was shown to be a homotetramer (Hildebrandt al, 2006) . MT bundling is known to occur only with the full-length tetrameric, but not with truncated dimeric Cin8 (Cin8-871) (Gheber et al, 1999; Hildebrandt et al, 2006) , suggesting that Cin8-3GFP is a tetramer. Finally, both Cin8-GFP and Cin8-3GFP could maintain the viability of cells deleted for chromosomal copies of CIN8 and KIP1 (Supplementary Figure S4B) . Since only tetrameric Cin8 maintains viability of cin8Dkip1D cells (Hildebrandt et al, 2006) , our findings indicate that Cin8-3GFP is mostly a functional tetramer.
In summary, our data indicate that the motile properties we observed for Cin8, the broad distribution of velocities, the minus-end directionality and the diffusive motion, did not result from altered oligomeric states or aggregation of the examined Cin8 variants, but rather point to an intrinsic regulation of individual Cin8 motors.
The use of whole-cell yeast extracts from deletion mutants in single-molecule motility assays allowed us to examine the influence of other S. cerevisiae cellular factors on Cin8 motility (Table II; Figure 3) . We explored the effect, in highsalt buffer, of two major spindle-binding proteins that functionally overlap or interact with Cin8: the kinesin-5 Kip1 (Hoyt et al, 1992; Roof et al, 1992) and the MT-binding and midzone-organizing protein Ase1 (Schuyler et al, 2003) . Ase1 was shown to physically interact with Cin8 during mitosis and to recruit Cin8 to the spindle midzone (Khmelinskii et al, 2009) .
To examine the influence of Kip1 and Ase1 on Cin8 motor function, we examined Cin8 motility in extracts of kip1D or ase1D cells, which carried Cin8-3GFP on a CEN plasmid. We found that deletion of Kip1 or Ase1 did not affect the directionality of Cin8, as it remained minus-end directed in high-salt buffer ( Figure 3A ). In the absence of Kip1, Cin8 was somewhat more processive; its interaction time with MTs was longer, the percentage of runs with stalls was lower, and the diffusion coefficient of Cin8 in the presence of ADP was significantly lower than that of Cin8 in all the other extracts examined (Table II; Figure 3B ). Consistently, in kip1D cells, the detachment of Cin8 from the spindle MTs in late anaphase was reduced compared with WT cells (Figure 3C and D) . In the absence of Ase1, the average run length of Cin8-3GFP directional episodes was significantly decreased, and the average velocity dropped to B240 nm/s (Table II; Figure 3A and B). In cells, Cin8-3GFP localized abnormally on the anaphase spindle in the absence of Ase1 and was not detectable in the midzone ( Figure 3E ). These results suggest that Ase1 regulates Cin8 spindle localization by affecting the motile properties of Cin8.
It remains to understand the circumstances under which the motor switches to plus-end motility, the mode of motion that is believed to drive the poleward relative sliding of antiparallel overlapping MTs in anaphase. Since other kinesins, including the kinesin-5 Eg5, can be turned on and off by varying ionic conditions (Dietrich et al, 2008; Hancock, 2008; Kapitein et al, 2008; Hackney et al, 2009) , we tested whether a decrease in ionic strength could affect directionality. We performed single-molecule motility assays with Cin8, either purified or in whole-cell extracts, on polarity-marked MTs at different salt concentrations. We found that with decreasing ionic strength, individual Cin8 motors gradually switched towards plus-end motility ( Figure 4A-C) . At ionic strengths p0.13, Cin8 moved bi-directionally, moving 60-80% of the time towards the plus ends of MTs (Figure 4A-C) . Reduction of ionic strength also significantly decreased the magnitude of the minus-end velocity of Cin8 ( Figure 4A-C) from B380 nm/s in high ionic strength to B130 nm/s in low ionic strength (Supplementary Figure S5) . The salt dependence of Cin8 motility in whole-cell extracts was similar to that of affinity-purified Cin8 ( Figure 4A and B) , although more motors were immobile in the extracts ( Figure 4A and B) , possibly due to the presence of other MT-binding agents. The velocity of movement in both minus-and plus-end directions was dependent on ATP concentration ( Figure 4D ; Supplementary Figure S2C) , proving that bi-directional motion of single Cin8 molecules is not merely driven by thermal forces in the solution. These results demonstrate that a single Cin8 motor interacting with only one MT can switch directionality. The mechanism for the switch is, therefore, most likely contained in a single motor.
Any switch mechanism is likely to depend, at least in part, on structural elements within the motor's catalytic domains. In comparison with kinesin-5 homologues of higher eukaryotes, several yeast kinesin-5 motors carry inserts of considerable length in loop 8 which is involved in MT binding (Kull et al, 1996; Nitta et al, 2008; Chee and Haase, 2010) . Cin8 and the closely related Candida glabrata kinesin-5 carry the largest inserts, of 99 amino-acid length (99aa) (Chua et al, 2007) . To probe the role of the large loop 8 in the directionality switch of single Cin8 molecules, we studied a construct in which this segment was replaced with the seven amino acids of loop 8 in the related S. cerevisiae kinesin-5 Kip1 (Cin8D99). Yeast cells deleted for the chromosomal copies of CIN8 and KIP1, but expressing Cin8 carrying this deletion were previously shown to be viable, indicating that the mutant Cin8 is, at least partially, functional (Hoyt et al, 1992) . We found that with decreasing ionic strength, single Cin8D99 molecules also switched from minus-end to plus-end directed motility in whole extracts ( Figure 5A ) and in purified samples ( Figure 5B ). However, Cin8D99-GFP behaved distinctly differently from WT Cin8-GFP (Figures  4-6) . In whole-cell extracts, at high salt (175 mM NaCl), Cin8D99-GFP did not attach to MTs at all. The same was seen for purified WT Cin8, albeit only at 4250 mM NaCl. At 175 mM added NaCl, affinity-purified Cin8D99 had a slightly lower average velocity than WT Cin8 (Supplementary Figure  S5) . With 30 mM added NaCl, the presence or absence of loop 8 in the WT Cin8 correlated with clearly opposite behaviours: in whole extracts and purified samples, Cin8D99 remained minus-end directed, while WT Cin8 moved predominantly in the plus-end direction with some bi-directional shuttling ( Figure 6A and B) . A systematic comparison between Cin8 and Cin8D99 motility in different buffers showed that the deletion of the 99aa insert did not eliminate the switch of directionality, but pushed the transition from minus-end to plus-end directionality to lower salt concentrations ( Figure 6C ), supporting the notion that the directionality switch of Cin8 involves loop 8.
To examine how the bias to minus-end directionality of the mutant Cin8D99 affects its function in vivo, we monitored motor localization in cells expressing Cin8D99. In contrast to WT Cin8-3GFP, Cin8D99-3GFP did not detach from the spindles and seemed to be asymmetrically distributed on the anaphase spindles (Supplementary Figure S6) . The plus-end directed movements of Cin8D99-3GFP towards the midzone were fewer, significantly slower than that of Cin8-3GFP and spanned shorter distances (Figure 7 ; Table I ). Nonetheless, minus-end directed motility events were also observed ( Figure 7B) . Finally, the rate of the initial fast phase of anaphase B in Cin8D99 cells was 0.61 ± 0.06 mm/min (average ± s.e.m., n ¼ 9) which is significantly slower than in WT cells (0.85 ± 0.03 mm/min, average ± s.e.m., n ¼ 8, Po0.005) and is similar to what was observed in cin8D cells (Straight et al, 1998) . This result indicates that Cin8D99 is unable to provide sufficient plus-end directed force for spindle elongation. These in-vivo data are consistent with our in-vitro results of diminished plus-end motility of Cin8D99 ( Figure 5 ) and point to a regulatory role of the 99aa insert in loop 8 of Cin8 in promoting its plus-end motility in cells.
It is known that during anaphase, Cin8 localization to the spindle is regulated by phosphorylation of the three Cdk1 sites in its catalytic domain, two of which are located in loop 8 of Cin8 (Avunie-Masala et al, 2011). To examine if phosphorylation of these sites affects Cin8 directionality on the spindle, we examined spindle movements of a Cin8-3GFP mutant that carried phosphorylation-deficient mutations to alanine at the two Cdk1 sites located in loop 8: Cin8-S277A T285A (Cin8-2A). Similarly to a phosphorylation-deficient Cin8 that carried mutations to alanine at all three catalyticdomain Cdk1 sites (Avunie-Masala et al, 2011), Cin8-2A-3GFP remained attached to the anaphase spindles for longer times, compared with cells expressing WT Cin8 (Supplementary Figure S6B , compare with Figures 1A and  3C ). This result indicates that the two Cdk1 sites within loop 8 are involved in the regulation of Cin8 spindle localization. Examination of Cin8-2A-3GFP movements on the spindle revealed that this mutant exhibited both midzone (plus)-and SPB-directed (minus) movements ( Figure 7C) , with SPB-directed movements being shorter and faster than midzone-directed movements (Table I ). The movements of Cin8-2A-3GFP were similar to those of Cin8D99-3GFP: midzonedirected movements were fewer, and significantly slower and shorter compared with the spindle movements of the WT Cin8-3GFP (Figure 7 ; Table I ), indicating that Cin8-2A is impaired in its midzone (plus-end)-directed motility on the spindle. This result suggests that the bias towards plus-end directed motility by the 99aa insert in loop 8, stems, at least in part, from phosphorylation of the Cdk1 sites located in this insert.
An important part of the switch mechanism might be related to cargo activation of Eg5. The homologous Xenopus kinesin-5 Eg5 is only turned on to move processively when it crosslinks two MTs, that is, when both of its dimeric catalytic domains are engaged (Kapitein et al, 2008) . This mechanism was suggested to be related to the cargo activation of dimeric kinesins by straightening of the back-folded stalk and tail (Hackney et al, 1992; Stock et al, 1999; Seiler et al, 2000) .
To see if a similar mechanism might be responsible for switching the directionality of Cin8, we performed singlemolecule fluorescence experiments on bundled pairs of polarity-marked MTs. Between antiparallel MTs in high-salt buffer (175 mM added NaCl), we saw an immediate switch from fast minus-end directed motion of individual motors to a slow erratic motion without a clear directional bias when motors reached the overlap zone ( Figure 8A ). In this geometry, the two crosslinked MTs were typically sliding apart with their minus ends leading with a relative velocity of about 30-60 nm/s. This reflects force generation by the motors in the plus-end direction. The fact that in the overlap region, extended fast motion was no longer observed at all implies that motors are attracted to the overlap region, likely due to their ability to bind MTs through both ends of the tetramers. In contrast to the antiparallel case, it was evident from kymographs of single motor motility between parallel MTs ( Figure 8B ) that most motors kept moving in the minus-end direction at undiminished speed when entering the overlap zone. Occasional short plus-end excursions were observed between parallel MTs ( Figure 8B , arrowheads), which were not observed on single MTs. These events were too rare to reliably evaluate details. We thus conclude that one of the major determinants of Cin8 directionality is binding geometry, with binding between two antiparallel MTs, as it occurs in the spindle midzone, switching the motor from minus-end to plus-end motility in near-physiological salt conditions.
Discussion
In the kinesin superfamily, the majority of the members are plus-end directed. Until recently (Roostalu et al, 2011) , minusend motion was seen only for kinesin-14 family members, which are structurally distinct from all other kinesin subfamilies in that they carry the conserved motor domain at the C-terminus instead of the N-terminus (McDonald et al, 1990; Walker et al, 1990; deCastro et al, 2000; Block, 2007) . No full-length kinesin-14 has been found to be processive so far, that is, these motors produce isolated power strokes and can only produce persistent motion when acting in ensembles. A reversal of power stroke directionality has been reported for mutants of the non-processive kinesin-14 ncd from Drosophila melanogaster (Sablin et al, 1998; Endow and Higuchi, 2000) and could be also generated by swaps of the core and neck domains of ncd and kinesin-1 (Case et al, 1997; Endow and Waligora, 1998) . Evidence for active bi-directionality of a given motor construct has been reported for a specific neck-domain mutant of ncd (Endow and Higuchi, 2000) and for cytoplasmic dynein (Dixit et al, 2008) . Evidence for bi-directional power strokes of individual ncd motors has also been seen in the analysis of single-molecule recordings (Butterfield et al, 2010) .
Here, we show an entirely novel behaviour for a kinesin motor. Individual kinesin-5 Cin8 motors could be switched by varying ionic conditions between processive minus-and plusdirected movements when travelling on single MTs (Figure 4) , and they could be switched from processive minus-end motion to plus-end force generation in high-salt conditions by binding and crosslinking two MTs (Figure 8 ). In vitro, low ionic strength (an unphysiological environment) induced plus-end directed motion of single molecules, while high ionic strength induced minus-end directed motion. Lower ionic strength, in general, reduces electrostatic screening which, in turn, enhances electrostatic interactions between motor subelements or between motor and MT. Thus, the unphysiological change of ionic conditions might mimic the effects of phosphorylation or binding of accessory proteins, which modify electrostatic interactions under constant physiological conditions. A similar phenomenon was reported for cargo regulation of kinesins. Binding of a cargo vesicle to kinesin-1 or of a second MT to kinesin-5 Eg5, respectively, can activate the motors, but the activation also occurs at low ionic strength. In the case of Cin8, a related mechanism might not just turn the motor on or off, but lead to the switching of directionality when the motor tetramer binds between two antiparallel MTs. An alternative model that was recently proposed (Roostalu et al, 2011) relies on a collective effect involving physical load on the motors via the binding between MTs. Based on our findings, it appears that more individual mechanisms such as binding of a single motor between two MTs or phosphorylation in the catalytic domain are able to cause or modify directionality switching.
A case in point is the observed regulatory influence of the large 99aa insert in loop 8 of the Cin8 motor domain, deletion of which did not abolish the shift in directionality, but created a strong bias towards minus-end motility (Figures 5 and 6) . The mechanism by which phosphorylation in Cin8 catalytic domain regulates its in-vivo function is likely to be a combination of a number of factors such as interaction with the midzone-organizing Ase1 (Khmelinskii et al, 2009) , as was previously suggested (Avunie-Masala et al, 2011), or with kinetohore proteins. The fact that Cin8D99 and the phosphorylation-deficient Cin8-2A exhibited reduced motility towards the midzone (Figure 7 ; Table I) suggests that one of the roles of Cin8 phosphorylation in the 99aa insert is to mediate the switch to plus-end directed motility of Cin8 on the spindle.
The observation that switching of directionality at high salt only occurred between antiparallel MTs is consistent with the reported preference of Drosophila kinesin-5 Klp61f for bundling antiparallel MTs (Kapitein et al, 2008) . A preferred orientation was for that motor conferred by the ATP-independent binding sites in the C-terminal tail of the molecules. An ATP-independent binding mechanism appears to also exist for Cin8 because full-length Cin8 also supports diffusive MT attachment in ADP buffer (Table II) . Sticky tails with preferred orientation might not prevent parallel crosslinking by the motor, but it was found for Eg5 that all eight binding sites were necessary for motor engagement between MTs (Weinger et al, 2011) . It is tempting to speculate that this might also be the case for Cin8, but in this case with the further consequence that directionality is reversed to plusend motion between the antiparallel MTs. As the spindle midzone is the place where antiparallel overlaps occur and as that is the location where the motors need to exert force, such a regulation appears advantageous.
The discovery of the exceptional properties of Cin8 raises the question how these motile properties aid Cin8 in performing its multiple mitotic roles. The ionic strength in S. cerevisiae cells is high, estimated as B300 mM salt (Olz et al, 1993; van Eunen et al, 2010) . Under these conditions, Cin8 motors were minus-end directed on single MTs in our in-vitro experiments ( Figures 2, 4 and 6 ). Prior to spindle elongation, Cin8 is known to be important for kinetochore clustering or positioning near the SPBs (Tytell and Sorger, 2006; Gardner et al, 2008a; Wargacki et al, 2010) . The proposed mechanism for this function had been the crosslinking of kinetochore MTs (kMTs; Tytell and Sorger, 2006) and the promotion of disassembly of long kMTs (Gardner et al, 2008a) . Since in S. cerevisiae cells, each kinetochore is attached to a single MT and since on a single MT Cin8 is minus-end directed, active motion of Cin8 in the minus-end direction of the kMTs may be an alternative/additional mechanism by which Cin8 contributes to kinetochore positioning.
The slow plus-end directed motility that we observed in vivo in anaphase spindles (Figures 1C and 7 ; Table I) indicates that Cin8 is switched to plus-end directed motility in the cell, even on single MTs or on parallel bundles. During anaphase spindle elongation, bi-directionality is likely to be important to dynamically partition Cin8 motors between different reservoirs, that is, near the poles where they focus the kinetochore clusters (Tytell and Sorger, 2006; Gardner et al, 2008a; Wargacki et al, 2010) and in the midzone where Cin8 promotes plus-end directed MT sliding (Figure 8 ; Roostalu et al, 2011) and spindle elongation (Saunders et al, 1995; Movshovich et al, 2008) . In fact, we observed that until anaphase spindles reach a length of B5 mm, Cin8 is localized throughout the spindle, with no preferential accumulation at the midzone or near the spindle poles, nor obvious detachment ( Figures 1A and 3C) . A way to maintain this even distribution without detachment might be bi-directional motility of Cin8. Interestingly, higher eukaryotes, which show poleward flux in the spindle MTs, appear not to have kinesin-5 motors capable of minus-end motility, possibly because it became unnecessary for motor transport to the poles in fluxing spindles.
A factor that appears to be important for directionality is the geometry of binding and allosteric regulation by two bound antiparallel MTs. Intermediate-long S. cerevisiae anaphase spindles contain a small number of MTs, two emanating from each pole at the end of anaphase (Winey et al, 1995) . Motility between antiparallel MTs emanating from opposing poles should move both MTs and keep the motor fixed in the midzone. Therefore, the plus-end motility observed in vivo can only take place on single or between parallel MTs and is likely to utilize a further mode of regulation without which the motors would rapidly converge back to the poles.
In conclusion, Cin8 has turned out to be an exceptional kinesin in that it is truly bi-directional and processive in both directions. This unique feature of Cin8 appears to play a role in cellular function. First, hints about the molecular mechanism indicate a role of charge interactions and possibly phosphorylation, and most importantly binding geometry between pairs of MTs. It remains to be explored in more detail if Cin8 regulation is a variation of the scheme of the regulation of other kinesins, in particular kinesin-5 motors. In general, our findings demonstrate that in order to fulfil their physiological functions, kinesin motors are much less rigidly programmed than was broadly believed so far and that the extent to which their function is regulated in the cell encompasses much more than simple on-off switches.
Materials and methods
Detailed procedures and S. cerevisiae strains used in this study are described in Supplementarydata. In brief, we produced fluorescently labelled Cin8 motors in three ways. We first used whole-cell extracts of S. cerevisiae expressing Cin8 fused with three consecutive C-terminal GFPs (Cin8-3GFP) under its own promoter. Cin8-3GFP was either integrated into the yeast genome or expressed from a CEN plasmid. Cells with integrated Cin8-3GFP were also used for in-vivo imaging (Supplementary Table S1 ). Second, we expressed Cin8 fused with a single C-terminal GFP and N-terminal 6HIS tag (6HIS-Cin8-GFP) in Sf9 insect cells, and third, we overexpressed Cin8-GFP-6HIS in S. cerevisiae. For yeast strains and plasmids, see Supplementary Table S1 (Supplementary data). We purified motor by HIS tag and MT affinity.
Live-cell imaging was done on a spinning-disc confocal microscope (Zeiss Axiovert 200M, UltraView ESR, Perkin-Elmer, UK; Fridman et al, 2009 ). Z-stacks of 0.2-0.4 mm separation were acquired in 1-min time intervals (Movshovich et al, 2008) .
For the Cin8-3GFP spot-motility analysis, images were acquired every 2 s.
In-vitro motility assays were performed following standard procedures (Howard et al, 1993; Gheber et al, 1999; Lakamper et al, 2010) in motility buffer MB-175 (50 mM Tris/HCl, 30 mM PIPES/KOH, final pH 7.2, 175 mM NaCl, 2 mM EDTA, 1 mM EGTA, 10% glycerol, 1 mM phenylmethylsulfonyl fluoride and 1 mM dithiothreitol) as well as versions of this buffer with less NaCl added. The MTs, polymerized from TMR-labelled porcine tubulin, were polarity marked using Atto-488-labelled seeds marking the minus end of the MTs. Single-molecule fluorescence data were collected on two microscopes, one at Ben-Gurion University (BGU) and one at Göttingen University (GAUG). BGU: Zeiss Axiovert 200M, HBO 100 Mercury Illuminator, cooled CCD (SensiCam, PCO), frame time 0.8 s. Data were processed using ImageJ and MetaMorph (MDS Analytical Technologies) software. GAUG: custom-built totalinternal-reflection fluorescence microscope, using a 473-nm Laser (Viasho, USA) for excitation, and a Â 100 objective (Nikon, SFluor, NA 1.49, Oil) and a CCD camera (Cascade 512B, Roper Scientific, USA), frame rate 0.5 s. Software was custom written in Labview. Velocity histograms were assembled by drawing lines through consecutive 3 s segments of kymograph traces.
For relative sliding assays, polarity-marked MTs were polymerized as before whereas a solution of shorter MTs was polymerized by incubation at 371C for only 6 min. First, the long polarity-marked MTs were allowed to bind for 3 min to the DETA-coated surface of the assay chamber. The motility buffer (MB-175) was the same as used for the single-molecule assays but with double ATP and MgCl 2 concentration. To this buffer, three times the single-motor concentration and 1 ml of short polarity-marked MTs were added, and the mix was washed into the assay chamber. The custom-built TIRF set-up described before was expanded such that the emission of the TMR-labelled MTs and the GFP-labelled motor proteins could be detected simultaneously. The TMR and the GFP channel were aligned with ImageJ.
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Supplementary data are available at The EMBO Journal Online (http://www.embojournal.org).
